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Abstract 
A feasible way to detect the partially overheated disfigurement of GIS is provided by Beattie-Bridgman equation 
which depicts the relationship between the temperature and pressure of SF6. According to the actual structure of GIS, 
we build a model for simulating the temperature and pressure distribution of GIS on its overheated state, and the 
simulated results are investigated by experiments. The studied results show that on the partially overheated state of 
GIS, the temperature distribution of SF6 and heat-section is uneven, which is responded by the pressure of SF6, 
namely the temperature-pressure response. The temperature-pressure response is influenced by the varieties of 
ambient temperature and the heat-section power. If the ambient temperature rises, the gas pressure increases 
obviously too even if the heat-section temperature is constant. The influence of heat-section power to the 
temperature-pressure response is negligible in the engineering calculation. 
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1. Introduction 
For high-voltage transmissions, gas-insulated switchgear (GIS) is of many merits such as compactness 
and high reliability. GIS was first used in the latter half of the 1960’s in Japan, since then, it has been 
highly developed because it answered for the unmanned, digital and smart tendency of transformer 
substation. In China, GIS has been widely applied to the digital and smart transformer substations in 
recent years.  
GIS is free of environmental hazards for all its high voltage sections are housed in grounded 
enclosures , however, which produce a great difficult to detect its inner flaws. Furthermore, once a failure 
occurring, its effect to GIS is more serious than to the open devices, and the repair cycle of GIS is longer 
than that of open devices too. It is an important task to detect the inner flaws in GIS.   
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Overheated faults are often occurs in the joints which are adopted for jointing the adjacent electric 
sections in GIS. If they are not controlled in time, they may get worsen even damage the joints or sections. 
Unfortunately, there is not an effective way to detect the overheated fault. Unlike partial discharge of GIS, 
the overheated faults don’t produce current pulse or ultrasonic information. So the ways to detect the 
partial discharge do not applied to check the overheated fault. At present, the overheated fault is often 
detected by checking the crust temperature of GIS with a manual infrared camera [1]. Obviously, this 
method does not meet the demand of smart transformer substation. 
The Beattie-Bridgman equation, which illustrates the relationship between the pressure and the 
temperature of SF6 [2], provides a possible way to the overheated fault in GIS . Since the temperature can 
be answered by gas pressure, the overheated fault in GIS may be checked by inspecting the pressure of 
SF6. However, the Beattie-Bridgman equation is applicable for the even temperature field. But the 
temperature distribution is not even when an overheated fault occurs in GIS. The gas pressure 
characteristic of uneven temperature field is different from that of even temperature field. So it is 
necessary to investigate the gas pressure property of GIS on partially overheated state. According to the 
theory of heat transfer, this paper has built a model to illustrate the gas pressure and the temperature 
distribution in GIS on the partially overheated state, and has put forward an equation to describe the 
relationship between the gas pressure and the heat-section temperature. The theoretic results have been 
validated by the experimental ones. Both the theoretic results and the experimental ones have indicated 
that the overheated fault in GIS could be responded by the gas pressure. 
2. Model for Pressure and Temperature Distribution under Overheated State in GIS  
2.1. Physical model 
We build the physical model by simplifying and abstracting the real GIS (see Fig.1). The physical 
model is made up of crust, bus, heat section and insulator. The length (L), inner radius (R1) and outer 
radius (R2) of crust are 3m, 568mm and 576mm respectively. The space inside crust is filled with SF6, and 
its gas pressure is 0.424MPa when the ambient temperature is 25 °C.  The bus (Φ=40mm) is installed on 
the centric of model, and is propped by the insulator. The heat section is located on the middle point of 
the bus. It will produce Joule heat when it carries current and its heat power can be adjusted by 
controlling current. 
We classify the model into six sections including ambient (Θ0), crust (Θ1), SF6 (Θ2), bus (Θ3), heat-
section (Θ4) and insulator (Θ5). The interfaces between Θ0 and Θ1, Θ1 and Θ2, Θ2 and Θ3, Θ2 and Θ4, Θ3 
and Θ4 are denoted with Г01, Г12, Г23, Г24 and Г25 respectively. The parameters of all the sections are 
shown in Table I. 
Table 1. Parameters of Sections (Ta=25°C) 
Setction identifier 
ρ λ C 
kg/m3 W/(m.°C) J/(kg·°C) 
ambient Θ0 1.205 0.0259 1005 
crust Θ1 2660 162  871 
SF6(0.424MPa) Θ2 24.64 0.0141 1387 
bus Θ3 2710 236  902 
heat-section Θ4 7870 81  455 
insulator Θ5 2090 1.1  840 
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Fig. 1.Physical Model of GIS 
2.2. Mathematic model 
(1) Heat model 
The Joule heat, produced by carrying-current heat section, flows to the crust of GIS by three ways, 
namely heat transfer, convection and radiation [3]. On the outer surface of crust, the heat is exchange with 
ambient by heat convection and radiation . 
 (a) Heat conduction 
In this model, heat conducts by the mediums including crust, SF6, bus, heat section and insulator, 
which can be manifest as [4] 
 2  0v
T
T q C
t
λ ρ ΘΘ Θ Θ Θ Θ ∂∇ + − =∂                   (1) 
where λΘ  denotes the thermal conductivity of Θ, W/(m.°C); ρΘ denotes the density of Θ, kg/m3; CΘ 
denotes the density of Θ, J/(kg. °C); qvΘ denotes the Joule heat generated in per unit volume, W/m3; TΘ 
denotes the temperature of Θ, °C; Θ is subscript, 1 2 3 4 5{ }Θ∈ Θ Θ Θ Θ Θ， ， ， ， . 
(b) Heat convection 
Inside GIS, the density of SF6 gets uneven under the work of Joule heat of heat section, which causes 
SF6 natural convection. Furthermore, on the outer surface of curst, the heat will flow into ambient by 
convection too. The equation of thermal convection is [5], 
c 1 2( )q h A T TΓ Γ= −                                     (2) 
where qc denotes the heat power, W; AГ denotes the area of convection surface, m2; T1 and T2 denote the 
temperature of convection surface respectively, °C. For inside GIS, T1 and T2 are TГ24 and TГ12 
respectively; for the outer surface of GIS, T1 and T2 are TГ01 and Ta respectively. hГ denotes the heat 
exchange coefficient, W/(m2. °C). hГ can be manifested as [6] 
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where RΘ denotes radius, m. For convection inside GIS, RΘ denotes RL; for convection of outside surface 
of GIS, RΘ denotes R2. Nu denotes the Nusselt number, for natural convection, it can be manifested as [7] 
  ( )bnNu B Gr Pr= ⋅                                      (4) 
where Nun is the Nusselt number of natural convection; B and b are coefficients; Gr denotes Grashof 
number; Pr denotes Prandlt number. Gr and Pr can be manifested as [8] 
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where g is the gravity constant, g=9.8N/kg; ν denotes the kinematic viscosity, m2/s; a denotes the thermal 
diffusivity, m2/s. 
The B and b in equation (4) depend on Gr, when 1.43×104≤Gr≤5.67×108, B=0.48, b=0.25 [3]. 
On the outer surface of crust (Θ1), the forced convection will occur when the wind velocity is greater 
than zero. Then Nusselt number of forced convection can be manifested as [3] 
   
10
1/3
Г
n
fNu CRe Pr=                              (6) 
where Nuf is the Nusselt number of forced convection; C and n are coefficients; Re denotes Reynolds 
number, it can be written as [3] 
   2Re 2 /av R ν=                                            (7) 
where va denotes the wind velocity, m/s; R2 denotes the outer radius of GIS, m. 
In equation (6), the C and n depend on the Reynolds number (see Table II)[3].  
Table 2. Relationship between C, n and Re 
Re  C n 
40≤Re≤4000 0.683 0.466 
4000<Re≤40,000 0.193 0.618 
40,000<Re≤400,000 0.0266 0.805 
 (c) Heat radiation 
Besides conduction and convection, the heat radiation occurs on the surfaces of the crust and the 
interior sections. By radiation, the heat transfers from the surfaces Г23 or Г24 to the surface Г12 as well as 
from the surface Г01 to ambient. According to Stefan-Boltmann law, we know [8] 
     ( ) ( )
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where rq  denotes the heat power by radiation, W; σ denotes the Stefan-Boltmann constant, σ=5.669×10
-8 
W/(m2. °C). TГ1 and TГ2 are the temperature of radiation surfaces Г1 and Г2 respectively, °C. Г1 may be Г23 
or Г24, and then Г2 is Г12; and if Г1 is Г01 then TГ2 is Ta. AГ1 and AГ2 are the area of radiation surfaces Г1 
and Г2 respectively, m2. If Г1 is Г01 then AГ2 is ∞. εГ1 and εГ2 are the blackness of radiation surfaces Г1 and 
Г2 respectively, m2.  
(2) Model of gas pressure 
SF6 is of strong molecular force due to its great molecular weight, hence its property departures 
obviously from the ideal gas equation, especially when its pressure is greater than 0.3MPa. The Beattie-
Bridgman equation depicts the relationship between the pressure and temperature of SF6 more actually 
when the pressure varies from 0.3MPa to 2.0MPa and the temperature varies from 250K to 600K, namely 
[2] 
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where P denotes the pressure of SF6, bar; TΘ2 denotes the temperature of SF6; ρΘ2 denotes the density of 
SF6, kg/m3. 
(3) Simulation of gas pressure and temperature in GIS 
When part heat occurs in GIS, the temperature distribution is uneven, namely the temperature of gas 
near the heat section is higher than that of the other gas, and its analytical solution is very difficult to get. 
With the aid of the finite element and the finite difference methods, we try to get the dynamic distribution 
of temperature and pressure in GIS. Firstly, the model of Fig.1 is separated into E grids with N nodes. 
Then, the finite element variation equation of equation (1)~(8) can be written as [7] 
  { }[ ] { } [ ] { } 0TK T F D
t
∂⋅ + − =∂                               (10) 
where [K] denotes the coefficient matrix of temperature; [F] denotes the coefficient matrix of temperature 
varying rate; { }D  denotes the load vector; {T} denotes temperature vector of N nodes; t denotes time. 
 In order to analyze the dynamic process of temperature distribution, the equation (10) is expressed as 
Galerkin difference format, viz [9] [5] 
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where .p+1 denotes the temperature vector of N nodes; [K]p+1 is the coefficient matrix of temperature at 
time tp+1; [F]p+1 is the coefficient matrix of temperature varying rate  at time tp+1; [5]p+1 is the load vector 
at time tp+1; [E] denotes the unit matrix; Δt=tp+1-tp. 
The temperature of nodes {T} can be calculated by equation (11). Then the average temperature Tavg 
can be calculated by  
 
1
{ }1 E e
avg
e e
TT
E A=
= ∑                                   (12) 
where Tavg denotes the average temperature, °C; E denotes the number of elements of GIS model; Ae 
denotes the area of element e; {T}e denotes the temperature vector of nodes of element e. 
 With the TΘ2 is substituted by Tavg, the gas pressure P can be calculated by equation (9). In this paper, 
according to the equation (11) and (12), we calculate the temperature vector {T} and gas pressure P by 
the soft Comsol 3.4, which is used for analyzing finite element. 
3. Results of Simulation 
3.1. Temperature-rising process of heat section 
When a heat-section with power of 1300W is in GIS, its temperature-rising curves on various ambient 
temperatures are shown in Fig.2. From Fig.2 we know that the heat-section temperature rises with time, 
and the ambient temperature influences the heat-section temperature obviously. The higher ambient 
temperature is corresponding with higher temperature-rising curve.  
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Fig. 2.Temperature-rising curve of heat section                               Fig. 3.Pressure-rising curve of SF6 
3.2.  Varying process of gas pressure  
Like the temperature of heat-section, the pressure of SF6 has also an ascending trend when a 1300W 
heat-section is in GIS (see Fig.3). And corresponding with higher ambient temperature, the gas pressure is 
higher too. 
3.3. Relationship between the heat-section temperature and pressure of SF6 
According to equation (9) we know that all the factors to influence the temperature of SF6 are the ones 
to influence its gas pressure. The factors to influence temperature of SF6 include ambient temperature, 
wind velocity, sunlight and the power of heat section etc. In order to simplify analysis, our studied object 
is restricted in the indoor GIS, so the ambient factors such as sunlight and wind velocity can be neglected.  
The foregoing analytic results show us that an obvious relationship exists between the gas pressure and 
the heat-section temperature (temperature-pressure relationship for short). The temperature-pressure 
relationship and its factors are our main studied intention in this paper.  
(1)Influence of ambient temperature to temperature-pressure relationship 
According to the simulated results of foregoing model, Fig.4 shows the temperature- pressure 
relationship curves on various ambient temperatures. From Fig.4 we know that the pressure of SF6 
augments with the rising of heat-section temperature, namely the temperature-pressure relationship is 
existed, and it is influenced by the ambient temperature. For a certain temperature of heat section, a 
higher ambient temperature is corresponding to a greater gas pressure. The influence of the ambient 
temperature to the temperature-pressure relationship is linear. 
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Fig. 4.Temperature-pressure curve on various ambient temperature   Fig. 5.Temperature-pressure curve on various powers of heat 
section 
(2) Influence of heat power to temperature- pressure relationship 
The temperature-rising rate of SF6 is slower than that of heat section due to the small thermal 
conductivity of SF6, namely there is a lag between the temperature-varying of SF6 and that of heat section. 
This lag increases with the heat power augmenting, which means a greater difference between the gas 
pressure and the heat-section temperature since the pressure of SF6 depends on its temperature. Fig.5 
shows that a greater heat power corresponds to a greater lag between the SF6 pressure and the heat-section 
temperature. However, for small heat power, the difference between the SF6 pressure and the heat-section 
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temperature is small too. For example, when the heat-section temperature is 300 °C, the SF6 pressure is 
0.4216MPa for heat power of 1300W while 0.4247MPa for heat power of 900W, their difference is less 
than 0.74%. This manifests that the gas pressure varies less than 1.8% when the power of heat section 
varies 1kW, which can be ignored in the engineering estimate. 
 (3) Relationship between gas pressure and temperature of heat section 
Equation (9) depicts the relationship between the pressure of SF6 and its temperature in an even 
temperature field. Unfortunately, the temperature distribution is uneven when a part heat section is in the 
GIS. So the equation (9) can not be applied to the overheated state in GIS directly. According to the 
simulated results, and ignoring the factors such as wind velocity, sunlight and heat power, the relationship 
between the SF6 pressure and the heat-section temperature can be manifested as  
2
1 2 3 4 aT C C P C P C T= + + +                                          (13) 
where T denotes the heat-section temperature, °C; P denotes the SF6 pressure, MPa; C1, C2, C3 and C4 are 
coefficients. When the temperature of heat section is 0°C~500°C, C1=-5410.85, C2=15761.12, C3= -
3982.84 and C4=-18.67. 
4. Experimental Investigations 
4.1. Experimental equipments 
We design the experimental equipments (see Fig. 6) in accordance with the model illuminated in Fig.1. 
The cylinder in Fig.6 is called as the bus cylinder, in which the SF6 is filled, and its pressure is 0.424MPa 
on an ambient temperature of 25°C. In the bus cylinder, the components such as bus, heat section, 
temperature sensors and pressure sensors are installed. The power of heat section can be adjusted by the 
controlling its current, which is supplied by the AC 220V source. The data from the temperature and 
pressure sensors are received by computer every 30s. 
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Fig. 6.Experimental equipment    Fig. 7.Experimental and simulated results of temperature-rising of heat section     Fig. 
8.Experimental and simulated results of pressure-rising of SF6 
4.2. Experimental results 
Fig.7 and Fig.8 show the experimental and simulated results of temperature-rising of heat section and 
pressure-rising of SF6 respectively. From Fig.7 or Fig.8 we know that the experimental results have a 
similar trend with the simulated ones. The correlative coefficient between experimental values and the 
simulated ones is 0.915 in Fig.7, and 0.903 in Fig.8.  
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5. Conclusions 
According to the structure of GIS, we build its physical model, and put forward a mathematical model, 
with the aid of heat transfer theory and the Beattie-Bridgman equation, to simulate the temperature and 
pressure distribution of GIS on the partially overheated state. The simulated results are investigated by the 
experimental ones. 
(1) On the partially overheated state, the temperature field is an uneven dynamic field. The pressure of 
SF6 rises with its temperature. 
(2) There is a relationship between the heat-section temperature and the SF6 pressure, namely the 
temperature-pressure relationship. Its factors include the ambient temperature and the heat-section power. 
A higher ambient temperature is corresponding with a greater SF6 pressure on the same heat-section 
temperature. The influence of heat-section power to the temperature-pressure relationship is negligible in 
the engineering calculation.  
(3) The factors, including wind velocity and sunlight, are ignored in this paper, so the studied results 
are applied insofar as to the indoor GIS. The properties of temperature-pressure relationship on the 
outdoor GIS will be our next work.  
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